The adsorption of carbon monoxide on rhodium clusters in the size range of 3-15 atoms is studied in the gas phase using the frequency of the internal CO stretch, ν(CO), to probe the bonding situation of the CO. The IR absorption spectra of neutral, cationic, and anionic Rh n CO complexes are measured in the frequency range of ν(CO), between 1650 and 2200 cm -1 , using IR multiple photon dissociation spectroscopy. We find that for most clusters adsorption in an atop position (µ 1 ) is preferred; however, for some clusters, CO in bridging (µ 2 ) or hollow (µ 3 ) sites can be identified as well. Comparison with DFT calculations carried out for the smallest cluster complexes Rh n CO +/0/-(n ) 3 and 4) shows that the experimentally identified CO adsorption sites correspond to the energetically favored positions.
I. Introduction
Carbon monoxide has long been used to probe transition metal atoms and small clusters adsorbed to supports as potential or model catalysts. A pedagogical system has been rhodium adsorbed on metal oxides. Already in early studies of rhodium dispersed on amorphous metal oxide supports, 1,2 the infrared (IR) spectroscopy of adsorbed CO has been used to characterize binding sites and cluster-support interactions. The approach takes advantage of the high sensitivity of the CO stretching frequency, ν(CO), to structure and electron density at the binding site.
Exactly how ν(CO) is sensitive to binding site geometry and charge density is of increasing relevance as CO is used in conjunction with methods to investigate deposited clusters of known size that are currently being deployed to investigate model catalysts. Such techniques include size-selective deposition 2 and postdeposition characterization by scanning probe microscopy. [3] [4] [5] Until recently, the interpretation of the vibrational spectroscopy of CO adsorbed on supported metal species relied on comparison with ν(CO) values of stable, molecular metal carbonyl compounds, of CO adsorbed on single-crystal surfaces, and of atom-CO complexes in rare gas matrixes.
Gas-phase studies of isolated metal cluster-carbonyl complexes provide a more secure foundation for interpreting CO probes of supported clusters. The effects of structure, size, and charge on the binding of CO to the clusters are reflected in the ν(CO) frequencies and, therefore, those values provide a baseline to identify and quantify support effects. For instance, how ν(CO) for a particular binding configuration and for a particular cluster size varies with the charge on the cluster provides an assessment of the amount of charge transferred to the support. This approach has previously been limited to using ν(CO) measured in lowtemperature matrixes for the neutral, anionic, and cationic atom-CO, RhCO, complexes. 6, 7 The equivalent information has not been obtained for unsaturated cluster complexes.
Recently we began to address this problem, extending the technique of IR multiple-photon dissociation (IRMPD) spectroscopy to investigate rhodium cluster-CO complexes, Rh n CO, in the gas phase. The experiments take advantage of the tunable, intense IR radiation from the Free Electron Laser for Infrared eXperiments (FELIX), which is well suited for the IRMPD spectroscopy of cluster-ligand complexes. 8 We have already communicated results for the neutral species Rh n CO (n ) 6-20). 9 We found that CO binds almost exclusively in an atop (µ 1 ) configuration. The exception was Rh 12 CO, where there was inconclusive evidence for a coexisting bridge-bound (µ 2 ) species. Reported values for supported clusters show shifts in ν(CO) of as much as +100 cm -1 relative to our findings for the free clusters. Significant charge transfer to the support was indicated but could not be quantified because the experiments were only performed on neutral clusters. In addition, there was limited comparison with existing theory because we did not obtain spectra for clusters with n < 6 in our initial study. 9 Experimental developments now let us access smaller anionic and cationic as well as neutral clusters. Here, we report the IR spectra in the CO stretching region for Rh n CO +/0/-(n ) 3-15). We find that CO binds preferentially at sites involving more than one metal atom on the smaller clusters with n ) 3 and 4. The experimental data are complemented by DFT calculations. The experimentally identified CO adsorption sites correspond also to the energetically favored positions found by our calculations. Improved signal-to-noise ratios also allow us to confirm that CO can bind to Rh 12 CO in either µ 1 or µ 2 geometries and to identify a limited number of other clusters that exhibit some degree of binding at bridge or hollow sites.
II. Experimental Methods
The experiments are performed in a molecular beam apparatus coupled to the beam line of the FELIX. 10, 11 This setup, as used for IR spectroscopy of metal clusters, metal compound clusters, and cluster-ligand complexes, has been described in parts earlier. 9, 11, 12 Here we give a detailed description of the IR-MPD experiments on metal cluster complexes. Figure 1 shows a scheme of the experimental setup.
Clusters are produced in a pulsed laser vaporization source by ablating the material from a rhodium rod using the 2nd harmonic output of a Nd:YAG laser (∼10 mJ/pulse) in a 3 mm diameter clustering channel in the presence of a short pulse of helium delivered by a current-loop actuated valve (R. M. Jordan Company, Inc.). Neutral, cationic, and anionic metal clusters are formed in this process. Reactions with CO are initiated by injecting a short gas pulse of CO via a second pulsed valve (General Valve, Series 9) into a 5 mm diameter, 35 mm long cluster flow-reactor channel that starts 30 mm downstream from the laser vaporization region. We have not characterized the cluster beam temperature by direct measurement but, due to the pressure of several tens of mbar in the clustering channel, we expect that the clusters thermalize rapidly and enter the reactor at near 300 K thermal energies. Where the beam temperature of transition metal cluster sources with similar dimensions and flow characteristics has been established independently, it has been shown that the clusters are thermalized at the source temperature. [13] [14] [15] These studies also confirm that under the prevailing mild expansion conditions there is no significant additional cooling in the supersonic expansion. On exiting the reactor, the reaction mixture expands into vacuum and forms a molecular beam, and further bimolecular reactions are effectively stopped. The molecular beam is shaped with a skimmer followed by an aperture of 0.8 mm diameter. Deflection plates between the skimmer and aperture are used to remove ionic species from the beam when neutral species are studied. The distribution of the clusters and their complexes with CO is analyzed with a reflectron time-of-flight mass spectrometer (R. M. Jordan Company, Inc.) using pulsed acceleration voltages. Ion extraction is orthogonal to the cluster beam direction. Neutral species are ionized between the extraction plates of the mass spectrometer using a pulsed nanosecond excimer laser (PSX100, NEWEKS SE) run on F 2 (157 nm, 7.9 eV, 5 ns, ∼0.5 mJ/pulse) or ArF (193 nm, 6.4 eV, 5 ns, ∼3.5 mJ/pulse). Although the UV light is slightly focused, the laser fluence is kept sufficiently low to avoid fragmentation induced by absorption of multiple UV photons. For the detection of the anions, all voltages of the mass spectrometer are reversed.
For obtaining IR spectra, the molecular beam is longitudinally overlapped with the pulsed IR laser beam of FELIX. The IR beam is focused through the 0.8 mm aperture to ensure that the cluster beam entering the mass spectrometer is completely irradiated. If the IR light is resonant with an IR active mode of the cluster complex one or more photons can be absorbed. In principle, absorption can be followed by different cooling mechanisms such as radiation, electron emission, or fragmentation. Electron emission and fragmentation both lead to changes in the cluster distribution that can be probed using mass spectrometry. For the systems we are studying here, fragmentation involving loss of the CO ligands is observed to be the dominant cooling process. The ions are extracted ∼50 µs after the FELIX pulse meaning that fragmentation is observed if the dissociation rate is greater than ∼ 2 × 10 4 s -1 . Depletion of the mass spectrometric signal of a cluster complex is always accompanied with growth of the signal of a corresponding fragment. The cluster source is operated at 10 Hz, whereas FELIX runs at a 5 Hz repetition rate. Relative intensities of the cluster complexes, observed in the presence and absence of FELIX irradiation, are calculated from the alternately recorded mass spectra. This procedure compensates for drifts in the output of the cluster source over the acquisition time (source stability is a limiting factor in depletion experiments). To compensate for the pulse-to-pulse fluctuations, that can be as large as 50%, we typically average over 300 shots per wavelength point. The IR spectra are constructed by plotting the relative intensity of the integrated mass spectrometric signal of a species as a function of the wavelength of FELIX.
The light output of FELIX consists of macro pulses of typically 5 µs duration that have a temporal sub structure with micro pulses of ∼2 ps duration and spaced by 1 ns. For the spectroscopy on the rhodium cluster carbonyls, we used FELIX macro pulse energies of typically 10 mJ. The IR wavelength is calibrated by recording the IR absorption spectrum of ethene on the ν 7 + ν 8 combination band in a photo acoustic cell. From this, we estimate that we achieve an absolute accuracy of our wavenumber scale of (2 cm -1 around 2000 cm -1 . By measuring the width of the Q-branch of the ν 7 + ν 8 transition of ethene, the spectral bandwidth of FELIX is found to be 10-20 cm -1 at 1890 cm -1 , in agreement with a Fourier transform limited bandwidth of the pulsed laser radiation.
III. Computational Methods
We perform density functional theory (DFT) calculations on rhodium cluster carbonyls with the B3PW91 functional and the LACV3P* basis set using the Jaguar 4.0 program. 16 Earlier calculations have shown that by using B3PW91 one obtains the correct 4 F ground state for the Rh atom. 17 With the nonhybrid functional PW91, we find the 2 D state to be the energetically lowest. The LACV3P* basis set uses Pople's 6-331G* basis 18 for C and O and a triple--valence contraction of the original Hay-Wadt effective core potential basis set 19 implemented in Jaguar 4.0. For the calculations on the anionic clusters, we use diffuse functions (5 d). We also use diffuse functions on CO in calculating the binding energies of the anionic complexes. Relative energies are given without any additional corrections. Geometry optimizations were unrestricted for both the bare clusters and the CO complexes. CO binding did not alter the metal cluster structure apart from slight changes in bond lengths. We calculated the harmonic vibrational frequencies and the corresponding IR intensities numerically.
We tested the reliability of the theoretical method by using it to predict the relative energies and vibrational frequencies of the neutral and charged Rh atom and Rh-CO complexes (Tables  1 and 2 ). It is found that both the electron binding energy and the ionization potential of the Rh atom are accurately calculated. All tabulated calculated frequencies are scaled with a constant factor of 0.9588 as this is the ratio of the experimental to the calculated value for the internal stretch frequency of the free CO molecule. The ν(CO) values obtained in this manner for neutral and charged Rh-CO (Table 2 ) are in good agreement with the experimental data of Zhou et al. 6, 7 Here it should be remarked that those data have been measured using matrix isolation spectroscopy, and the matrix effect could lead to modest frequency shifts.
IV. Results and Discussion
Mass Spectra. Figure 2 shows parts of typical mass spectra obtained for cationic, neutral, and anionic rhodium clusters and their CO complexes. The opening time and the backing pressure of the second pulsed valve are adjusted to yield mainly cluster complexes with one CO molecule attached. We have not quantified the reactivity of the clusters to CO; however, we observe that to form the complexes of the neutral clusters ∼10 times higher CO backing pressures are necessary than for the ionic clusters. Bimolecular absolute rate constants for the CO adsorption on rhodium cluster cations and anions have been published recently 20 showing an onset of the reactivity around Rh 4 +/-. In the IRMPD experiments on neutral clusters presented here, the clusters are ionized with an F 2 laser (7.9 eV/photon). This allows us to ionize small cluster carbonyls Rh n CO (n ) 3-5) that we were not able to ionize in our earlier experiments using an ArF excimer laser (6.4 eV/photon). 9 Also the bare clusters Rh 3 and Rh 4 are hardly ionized with the unfocused ArF excimer laser, and it appears therefore that the IPs of Rh 3 and Rh 4 lie between 6.4 and 7.9 eV.
Infrared Spectra. The IR MPD-spectra for Rh n CO +/0/-species in the size range of n ) 3-15 are shown in Figure 3 . In addition to these overview spectra, the spectral ranges around the observed transitions have been scanned with higher resolution and lower FELIX intensity to obtain sharper/narrower absorption bands. Experimental values for ν(CO) extracted from these spectra are listed in Table 3 . The bands can be assigned on the basis of what is known about ν(CO) for CO at different binding geometries on metal surfaces, in conjunction with the charge-induced shifts measured for RhCO +/0/-species in matrixes 6,7 and our DFT calculations on Rh n CO +/0/-(n ) 3 and 4), vide infra. We identify the type of binding site from ν(CO), taking the shifts due to charge into account. For the cations, we find µ 1 species that absorb in the range 2010-2054 cm -1 , µ 2 species that absorb in the range 1887-1903 cm -1 , and a µ 3 species that absorbs at 1788 cm -1 . In the case of the neutrals, we find absorption in the range 1949-1964 cm -1 for µ 1 species, in the range 1810-1838 cm -1 for µ 2 , and at 1731 cm -1 for a µ 3 species. For the anions, the ranges are 1847-1905 cm -1 for the µ 1 species and 1720-1767 cm -1 for the µ 2 species. The atom-complex results, see Table 2 , provide limits for the charge-induced shifts. These shifts are expected to decrease as the cluster size increases due to charge dilution, and indeed, this is what we observe ( Figure 4 ) and what we find for Rh n CO +/0/-(n ) 3 and 4) from DFT. The decrease is gradual, and up to the biggest clusters investigated here, the values for the neutral cluster are not reached. A detailed discussion and a model for this size-dependent shift will be given elsewhere.
Looking at bridged versus atop bonding, the predominant form of binding is atop for all three charge states. Clusters with 
(CO).
The presence of more than one ν(CO) band in the spectrum of Rh n (CO) +/0/-can only be explained by the presence of isomers. These isomers may result from metal cluster isomers or from a single metal cluster isomer exhibiting more than one binding site. For some individual, larger Rh n CO +/0/-complexes, bands corresponding to both µ 1 and µ 2 are found. We observe the presence of the two isomeric forms in Rh 7 CO + , Rh 7 CO, Rh 12 CO, Rh 13 CO, Rh 5 CO -, and Rh 11-14 CO -. The relative abundances of the isomeric complexes, µ 1 and µ 2 , can be estimated from the amount of depletion in the corresponding absorption bands; the observed amount of depletion gives a lower limit for the abundance of the corresponding isomer directly. For example, for the anionic complex Rh 10 CO -, we observe mainly the µ 1 isomer (60% depletion) and only minor amounts of µ 2 (15% depletion), for Rh 11 CO -the depletions are ∼50% for µ 1 and ∼30% for µ 2 . Equal amounts of µ 1 and µ 2 are observed for Rh 13 CO -(∼40% and ∼40%). The total percentage of experimental depletion, summed over all isomers, is at maximum 75-90%. Even for complexes having no isomers, we do not observe total depletion although intensity studies show that we saturate the depletion in many cases. This we attribute to incomplete overlap of the FELIX beam with the molecular beam so that 90% experimental depletion registers full depletion of the cluster complexes that have experienced the full infrared intensity. Our maximum observed depletion is very sensitive to the alignment and focal position of the infrared beam with respect to the aperture used to mask out the cluster complexes that have not been exposed to the FELIX beam. An alternative is that a portion of the complexes does not dissociate on the time scale of the experiment either because their infrared oscillator strength is exceptionally low or because the CO ligand is exceptionally strongly bound (an extreme case would be if the CO has dissociatively chemisorbed). The infrared oscillator strength is predicted to drop on going from µ 1 to µ 3 bonding and the binding energies may also vary ( Table 3 ). The spectra for Rh 13 CO and Rh 13 CO -, where there is substantial absorption credited to the µ 2 complex and where the overall experimental depletion is close to the limit determined by beam overlap, show that we can saturate complexes with µ 2 binding. We therefore expect that the ability to detect µ 2 complexes solely rests on their abundance. Our background noise level varies from 5 to 20%, depending on the complex in question. Inspection of the individual spectra, and consideration of the overall depletion, allows one to estimate the amount of µ 2 isomers that might be missed due to the background noise. In the two cases where we observe µ 3 binding, Rh 4 CO + and Rh 4 CO, we only reach ∼50% depletion; therefore, it is more likely to miss µ 3 complexes.
The formation of isomeric Rh n CO +/0/-complexes having µ 1 or µ 2 binding might be due to two reasons: (i) the cluster beam may contain cluster isomers with one (set of) isomer(s) favoring µ 1 binding and the other µ 2 binding and (ii) a single cluster structure might exhibit two binding sites. The presence of cluster isomers is well documented in the case of other transition metals. 21 Most of the complexes showing two ν(CO) resonances are in the cluster size range of n ) 11-14. This is the size range in which clusters begin to incorporate a central atom and so-called "inside" and "outside" clusters can coexist over this size range. 22 We expect complex formation to be under thermodynamic control in the reactor resulting in binding at the lowest energy site. We have observed some differences in the amount of µ 2 binding between runs done on different days. For instance, there is little evidence for µ 2 binding in Rh 7 CO and in Rh 13 CO in the spectra reported earlier on the neutral complexes. 9 It is reasonable that the isomer composition of the beam is somewhat sensitive to source conditions that can vary from day to day. The observation of isomeric forms may also indicate competitive adsorption at sites with nearly identical binding energies. On the basis of the IR-MPD spectra in the ν(CO) range, we cannot decide about the nature of the isomers, i.e., whether they are formed by binding of CO to different sites on one cluster or due to metal cluster isomers.
More structural information could come from the M-C stretching frequency, ν(MC). For instance, µ 3 binding is expected to result in three distinct frequencies (Table 4) . Until now, all of our attempts to measure spectra in the range of the ν(MC) stretches have failed; although the IR pulse energy produced by FELIX is about 10 times higher around 500 cm -1 than at ∼2000 cm -1 , the expected absorption cross-sections for ν(MC) are lower than those for ν(CO) by more than 2 orders of magnitude.
Our findings can be compared to available data for more saturated cluster carbonyls. IR spectra for the stable cluster carbonyl compounds Rh 4 CO 12 and Rh 6 CO 16 have been known for a long time. 23, 24 The vibrations associated with µ 1 CO stretches are found in the range of 2026-2074 cm -1 . Rh 4 CO 12 contains µ 2 CO bridges that have the ν(CO) absorptions at ∼1885 cm -1 , and in the IR spectrum of Rh 6 CO 16 , the band at ∼1800 cm -1 can be assigned to the µ 3 bound CO ligands. Both values are higher than what we find for µ 2 bridges (1810-1838 cm -1 ) and µ 3 bound CO (Rh 4 CO: 1731 cm -1 ) on neutral clusters. The much higher CO content of Rh 4 CO 12 and Rh 6 CO 16 accounts for a reduced strength of the back-bonding to the individual ligands, and therefore, the observed ν(CO) bands are closer to the free CO stretch frequency than ν(CO) for isolated CO ligands on a cluster surface. In fact, the ν(CO) values for Rh 4 CO 12 and Rh 6 CO 16 are close to the frequencies we find for the cationic mono-carbonyl complexes (Table 3) . a The values experimentally determined in this work are given as well. Although the µ 1 structure has only one M-C stretch mode, there are two modes for µ 2 and three modes for the µ 3 bound complexes. The lowest frequency ν(M-C) mode corresponds to the symmetric stretch vibration. b Only a µ 3 -bound transition state has been found that has C2V symmetry and that is strongly distorted toward a µ 2 structure.
By increasing the CO flow, we can produce higher CO coverage on the isolated gas-phase clusters. We limit ourselves here to the discussion of results for Rh n (CO) m with m e 3. Overlap in the mass spectra, ambiguity introduced by production from higher m complexes competing with depletion, and signalto-noise issues limit the amount of information we have obtained so far. The general observation is that for clusters with n g 5 addition of further CO ligands up to m ) 3 broadens the IR spectrum but does not significantly shift it (<10 cm -1 to the blue). The spectra of Rh 5 (CO) m + (m ) 1-3) shown in Figure  5 are a typical example in the case of the predominant µ 1 binding. The complexes that show some degree of µ 2 binding continue to do so when more CO is added, although it is difficult to tell the nature of the binding site for the 2nd and 3rd ligands. Again there is broadening but no large shifts.
In contrast, Rh n CO complexes with n e 4 can be more sensitive to the addition of further CO. In the case of Rh 4 (CO) m + (m ) 1-3; Figure 5 ), the IR spectra show that the addition of a second CO ligand causes occupation of a different type of site or that it causes rearrangement in the complex. The absorption in Rh 4 (CO) 2 + is shifted substantially to the blue of the relatively narrow peak at 1788 cm -1 observed for Rh 4 CO + . The new absorption band is broader, is asymmetric, and spans the range between the bands found for µ 2 binding in monocarbonyl cations (∼1900 cm -1 ) and the µ 3 frequency, suggesting that the CO ligands are µ 2 and µ 3 bound. The shift in the µ 3 frequency toward higher frequencies could be explained by a lowered back-donation in the di-carbonyl complex. The whole band, which one could assume to consist of two overlapping bands for µ 2 and µ 3 bound CO in Rh 4 (CO) 2 + , shifts even more to the blue by addition of a third CO molecule. We do not observe a splitting for the µ 2 and µ 3 bands, and therefore, this assignment is not fully conclusive; a rearrangement of the initial µ 3 complex by addition of the second CO and formation of a double µ 2 structure or involving a structure intermediate between µ 2 and µ 3 would be a possible alternative interpretation. In the spectrum of the tri-carbonyl species, an additional peak at 2080 cm -1 is observed indicating that bridging and atop sites are occupied in Rh 4 (CO) 3 + . DFT Calculations. The results of our calculations on Rh n CO +/0/-(n ) 3 and 4) are summarized in Table 4 and Figure  6 . The structures for isomers having the CO in atop (µ 1 ), bridging (µ 2 ), or a hollow site (µ 3 ) have been fully optimized without symmetry constraints.
To calculate the CO binding energies, the energetics of bare rhodium clusters have also been investigated. The ground states of the neutral and charged rhodium trimer all have triangular structures. The neutral trimer is an isosceles triangle (C 2V ) with sextet multiplicity and bond lengths of 250 pm (2×) and 247 pm. Its binding energy is 1.64 eV/atom. Above this groundstate, we find a doublet state and a quartet (C 2V ), 0.27 and 0.28 eV higher in energy. The ground state of Rh 3 + has been found to be a septet with C s symmetry. The bond lengths are 256, 257, and 258 pm. The triplet (C s ) and quintet (C 2V ) states are 0.09 and 0.33 eV higher in energy. For the anion Rh 3 -, we identify as a lowest state a quintet structure with C 2V symmetry and bond lengths of 250 pm (2×) and 259 pm. Singlet, triplet, and septet states are energetically very close but higher in energy by 0.12, 0.13, and 0.12 eV. The structures of Rh 4 +/0/-are all (distorted) tetrahedrons. For the bare Rh 4 cluster, we find a T d singlet ground state with a binding energy per atom of 1.95 eV and Rh-Rh distances of 247 pm, followed by a triplet state 0.12 eV higher in energy with D 2d symmetry. For the cationic The values of the geometric parameters are given for the cationic (plain font style), neutral (bold), and anionic (italic) complexes. In the µ 1 isomer, R is the angle between the plane of three Rh atoms and the Rh-C bond and in the µ 2 isomer, R is the angle between the plane of three Rh atoms and the plane through the Rh-C-Rh bonds. All distances are given in pm and the angles are in degrees. In anionic µ 1 Rh3CO
-, the CO is nearly in the plane of the Rh atoms, and the Rh-C-Rh angle is 100.6°.
tetramer, we find the octet state (D 2d symmetry) to be the lowest with the doublet (C 3V ) and sextet (C 1 ) isomers higher in energy by 0.40 and 0.45 eV, respectively. For the anion, the ground state is a sextet with the quartet state 0.27 eV and the doublet state 0.30 eV higher in energy (all have C s symmetry). The adiabatic ionization potentials of Rh 3 and Rh 4 are calculated to be 6.88 and 6.03 eV and the electron affinities are 1.39 and 1.44 eV, respectively.
The identified ground state of the neutral Rh 4 is in agreement with earlier calculations; 17, [25] [26] [27] however, in these studies, several different ground states are suggested for Rh 3 with multiplicities of 4 or 6. Experimentally, using electron spin resonance spectroscopy in a rare gas matrix, the trimer has been found to have a total spin of 5/2 and D 3h symmetry. 28 Raman spectroscopy identifies a C 2V structure; however, it is suggested that the barrier for pseudorotation might be very low. 29 To our knowledge, there is only one previous computational study on charged rhodium clusters. 26 For the ionic trimers, we identify the same ground state structures as given there, but for the charged tetramer, our results differ significantly, even if we consider only the three-dimensional Rh 4 structures.
For the CO adducts on neutral and charged rhodium clusters, three different binding sites, atop (µ 1 ), bridging (µ 2 ), and a hollow site (µ 3 ) are considered. The calculated CO binding energies, frequencies, and IR intensities for the ν(CO) and ν(MC) stretch vibrations for the lowest energy µ 1 , µ 2 , and µ 3 isomers of Rh n CO +/0/-(n ) 3 and 4) are listed in Table 4 . Their geometries are shown in Figure 6 . For Rh 3 CO +/0/-, the most strongly bound structure contains µ 2 -bridging CO. All of these structures have C s symmetry and the CO bridge is bent out of the plane of the metal atoms. In the case of Rh 4 CO, the relative energies clearly show that for the neutral and cationic species the CO on a µ 3 site is most stable. For the anion, µ 1 and µ 3 isomers are practically identical in energy. The µ 3 isomers have nearly C 3V symmetry, and in the µ 2 structures, the CO bridge is bent out of the facet plane similar as in the case of Rh 3 CO +/0/-. In the µ 1 structures, the CO is nearly perpendicular to one of the facets. This deviation from C 3V symmetry has been found already in the earliest calculations on Rh 4 CO by Goursot et al. 30 The values of ν(CO) decrease as expected by ∼100 cm -1 with increasing number of Rh atoms involved in the binding site between µ 1 , µ 2 , and µ 3 . Increasing back-donation into the antibonding p π * CO orbitals when going from the cation over the neutral to the anion leads to successively decreasing ν(CO) frequencies and increasing ν(MC) stretch frequencies. The changes in the back-donation obviously also affect the IR intensities, leading to strong enhancement of the IR absorption cross section of the ν(CO) mode.
Neutral Rh 4 CO has been investigated in three earlier theoretical studies as a model for CO adsorption on a metal (111) surface or a deposited nanocluster. In the study of Goursot et al., 30 the adsorption of CO on tetrahedral Rh 4 is modeled yielding an energetical preference for µ 1 and µ 2 bound isomers that are close in energy. Blyholder 31 used a flat Rh 4 cluster with µ 1 bound CO to model the presumed geometry of a deposited cluster. In both of theses studies, the geometry of the metal cluster has not been relaxed. In the more recent study of Mineva et al., 32 only µ 1 structures are considered for Rh 3 CO and Rh 4 CO. Our geometries and electronic ground states for neutral µ 1 Rh 3 CO and Rh 4 CO are in agreement with the results of Mineva et al., although we find that these are not the most stable structures and they are not abundant in the experiment. The preference for modeling µ 1 structures is probably induced by IR absorption measurements on CO adsorbed on small deposited clusters, where at low coverages actually mainly µ 1 bound CO is detected. [3] [4] [5] Majumdar and Balasubramanian have made a comprehensive study of Rh 3 CO using a complete active space multi-configuration self-consistent field (CASMCSCF) method followed by multireference singles and doubles interaction (MRSDCI) that predicts a doublet ground state with CO µ 3 bound and ν(CO) ) 1907 cm -1 . 33 This is in disagreement with our DFT studies that find a quartet, µ 3 bound ground state for Rh 3 CO with ν(CO) ) 1723 cm -1 . Although we do not have a value for ν(CO) for neutral Rh 3 CO for direct comparison with theory, the consistent agreement between DFT theory and experiment for Rh 3 CO + and Rh 4 CO -/0/+ supports our DFT result for Rh 3 CO.
The structural assignments for Rh 3 CO + and Rh 4 CO +/0/-based on the IR-MPD spectra agree with the energetically lowest structures obtained in the DFT calculations. A special case is only Rh 4 CO -, for which the DFT calculations find µ 1 and µ 3 to be isoenergetic, whereas the IR-MPD spectra only show evidence for µ 1 binding. For Rh 3 CO + , the agreement between experiment and theory is exceptionally good, whereas for the Rh 4 CO +/0/-complexes, the experimental frequencies are reproduced less well by the calculations. Especially, the experimental ν(CO) frequency for neutral Rh 4 CO lies between the calculated values for the µ 2 and µ 3 isomer. Nonetheless, the position of the ν(CO) band relative to the µ 1 and µ 2 bands of the larger cluster complexes allows us to assign the present species to be µ 3 bound CO.
Implications for Charge Transfer in Supported Clusters. Our results on gas phase rhodium cluster complexes can be compared to data obtained for clusters of similar size that are deposited on a substrate. In making this comparison, one must be aware that the situation of a cluster on a surface is far more complex than in the gas phase. Gas phase structures may not be maintained on the surface, their symmetries are reduced, the surface may sterically hinder CO adsorption, and charge distributions in the cluster may be different due to site-specific cluster surface interactions. Nevertheless, the gas-phase measurements form a baseline to gauge the surface induced perturbations and the comparison is important There are two recent reports of ν(CO) for CO adsorbed on supported clusters of known size. Mono-carbonyl complexes of Rh nanoparticles with an average size of five to six atoms (determined by STM) on highly ordered Al 2 O 3 films have ν(CO) reported at 2000 and 1966 cm -1 . 5 In this size range, we find ν(CO) neutral in the range of 1949-1960 cm -1 and ν(CO) cation in the range of 2038-2054 cm -1 for isolated complexes ( Table  3 ). The dependence of ν(CO) on the cluster charge is plotted in Figure 7 . From this plot, we can estimate the charge on the supported clusters with ν(CO) at 2000 cm -1 to be in the range of +0.4 to +0.6 e. A possible explanation for the second peak reported in ref 5 could be the presence of a second adsorption site for the clusters on the Al 2 O 3 substrate where charge transfer is minimal, resulting in ν(CO) ) 1966 cm -1 . For comparison, similar arguments based on matrix values of ν(CO) for RhCO +/0 put the charge on the atom complex, RhCO, adsorbed at oxide line defects on the same films at +0.6 e to +0.7 e. 5 In work on CO adsorbed on size-selected Rh 8 deposited on MgO(100) films ν(CO) is reported at 2066 cm -1 . 2 This is 40 cm -1 higher than the value we find for the free cation, Rh 8 CO + . In the deposition experiments, the number of CO ligands adsorbed to Rh 8 is not determined, and it is likely that more than one CO ligand is adsorbed. We observe that binding of up to three CO ligands to the free clusters induces only small shifts to the blue. The apparent implication is that the charge on the deposited cluster may be greater than +1 e; however, it can also not be excluded that the cluster does not remain intact as Rh 8 following either deposition or reaction with CO. Also the formation of geminal carbonyls may play a role at high CO coverage of the surface. Those species would exhibit further blue-shifted ν(CO) bands as for example in Rh 4 CO 12 or Rh 6 CO 16 . For CO adsorbates on a technical catalyst, Rh/Al 2 O 3 , both µ 1 adsorption sites, with ν(CO) in the range 2042-2076 cm -1 , and µ 2 sites, with ν(CO) in the range 1845-1875 cm -1 , have been identified. 34 These values are consistent with our measurements on free clusters provided that the clusters formed by the reduction of rhodium salts on Al 2 O 3 are relatively small (n < 5) and carry a significant positive charge.
V. Conclusion: Size and Charge Effects
From our IR spectra reported here, a general picture of the binding of CO to gas-phase Rh clusters emerges. We find two different regimes of CO binding depending on the cluster size. Clusters with n g 5 show predominantly µ 1 binding, independent of charge state. In some selected cases, µ 2 binding is observed in addition to µ 1 binding. This formation of isomeric complexes can be attributed to Rh n cluster isomers or to the presence of different, nearly isoenergetic binding sites on the clusters. The propensity to form isomers with µ 2 bridge binding increases with electron density on the cluster. As the cluster size increases, one expects the properties of the charged species to converge to those of the neutral species and eventually to those of bulk material. For the ν(CO) values, this point has not been reached at n ) 15. Studies of larger clusters and a detailed discussion of the charge-induced effects in larger clusters are underway.
The smaller clusters with n e 4 show a much more dramatic dependence of the nature of the binding site with both size and charge. Our experimental IR spectra show that in cationic and neutral Rh 4 CO +/0 CO is bridge bound at a 3-fold hollow site, whereas in the anion, it is atop bound. In Rh 3 CO + , CO is bound at a 2-fold bridging site. This is in agreement with results from our DFT calculations.
In conclusion, we have demonstrated that IR-MPD can be used to probe the structure of adsorbates on gas phase metal clusters. For the adsorption of CO on Rh clusters, the adsorption sites strongly depend on the cluster size and on the charge of the cluster. This new possibility to get insights into the structural properties of cluster adsorbates holds great promise for the development of a chemically intuitive understanding of the chemistry of small metal clusters. 5 From the points of intersection with the connection lines between the gas phase ν(CO) values we estimate the partial charges on the deposited Rh5 and Rh6 cluster.
